Abstract. Radiotherapy is one of the most effective nonsurgical treatments for oral squamous cell carcinoma. However, radioresistance remains a major impediment to radiotherapy. Although BetA (Betulinic acid) can induce radiosensitization, the underlying mechanism and whether it could induce radiosensitization in oral squamous cell carcinoma are not fully understood. In this study, we showed that BetA increased radiosensitization in CAL-27 and Tca-83 cells. Radiation-triggered Sp1 overexpression was responsible for radioresistance of OSCC (oral squamous cell carcinoma) cells. Treatment with BetA downregulated Sp1 and upregulated PTEN through inducing Sp1 sumoylation and correspondingly increased radiosensitization. Moreover, Sumoylation of Sp1 upregulated PTEN protein expression by downregulating Sp1 as well as inhibiting Sp1 DNA binding activity, thereby leading to the activation of PTEN transcription. Our results suggested that BetA was able to enhance radiosensitization at least partially by downregulating Sp1 and upregulating PTEN through inducing Sp1 sumoylation. BetA is suggested to be a promising drug for increasing radiosensitization in oral squamous cell carcinoma radiotherapy.
Introduction
Oral squamous cell carcinoma (OSCC) accounts for approximately 3% of all newly diagnosed cancer cases, and is the most common head and neck cancer (1) . Despite modern improvements in the treatment modalities, the 5-year overall survival rate of OSCC patients is still approximately 50% (2) . In the United States, there are approximately 32,000 newly diagnosed OSCC cases and OSCC is likely responsible for an estimated 6,500 deaths in 2016 (3), while in China, the newly diagnosed and death cases was 48,000 and 22,100, respectively in 2015 (4) . Therefore, it is critical to improve clinical outcomes of OSCC.
New therapeutic strategies targeting molecules critical for OSCC have shown promise in recent years (5-7), however, radiotherapy is still one of the most effective non-surgical treatments for tumors (8, 9) . As an important treatment for cancers, radiation inhibits tumor growth, promotes tumor cell apoptosis, and prolongs patient survival (10) . However, radioresistance remains a major impediment to radiotherapy (11, 12) . Cancer cells resistant to radiotherapy can result in local recurrence (13) . Exposure of cancer cells to radiation can activate several signal pathways that lead to radiation resistance, including Nuclear factor-κB (NF-κB) and the signal transducer and activator of transcription 3 (STAT3) (14) (15) (16) . DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and ataxia telangiectasia-mutated gene (ATM) induce radioresistance by triggering reparation of radiation-induced DNA damage (17, 18) . Specificity factor 1 (Sp1) was also reported to be involved in radioresistance (19) (20) (21) , therefore, Sp1 may serve as a target for increasing cancer radiosensitivity.
Sp1 plays multiple roles in several cellular processes, including cell growth, differentiation and apoptosis (22) . Sp1 is overexpressed in many types of tumors, such as in breast cancers, pancreatic tumors, thyroid tumors, gastric tumors, liver cancers and gliomas (23) (24) (25) , and is a negative prognostic factor for survival. The transcriptional activity of Sp1 is modulated by several post-translational modifications, such as acetylation (26) , phosphorylation (27) , sumoylation (28) , and O-GlcNAcylation (29) . Post-translational modification can regulate protein level, transactivation activity, or DNA binding affinity of Sp1 (30) . Sp1 is a ubiquitous transcription factor and functions by binding to the promoter of its target genes, including MMP3, MMP9, and cyclin D1. We have previously demonstrated that Sp1 could downregulate PTEN expression by binding to the specific site on PTEN promoter (26), but Betulinic acid increases radiosensitization of oral squamous cell carcinoma through inducing Sp1 sumoylation and PTEN expression whether Sp1/PTEN participate in radiosensitization remains unknown. PTEN (Phosphatase and tension homolog deleted on chromosome ten) is an important tumor-suppressor gene (31) and a dual-specificity phosphatase that removes phosphates from both proteins and lipids (31) . PTEN antagonizes the PI3K-AKT signaling pathway (32) . Mutation, deletion or dysfunction of PTEN was found in many types of tumors, such as breast cancers, glioblastomas (33) , prostate cancers, thyroid cancers and endometrial carcinomas (33) . PTEN acts as a pivotal determinant in regulating radio-response of cancer cells. Several genes, miRNAs or drugs regulate radioresistance through PTEN. Activation of PTEN by COX-2 inhibitors could induce cancer cell radiosensitivity (34) . miRNA29a, miRNA21, miRNA16b could regulate radiosensitivity through targeting PTEN (35) (36) (37) . PTEN/PI3K/AKT pathways were demonstrated mediating radiosensitivity (35) . PTEN/Akt/HIF-1α feedback loop modulates miRNA210-induced radiosensitivity (37) . Ionizing radiation induces EMT (epithelial-mesenchymal transition) through inhibiting PTEN and correspondingly activating Akt/GSK-3β/Snail signaling (38) . Thus, whether Sp1 could regulate radiosensitivity by targeting PTEN needs further study. Betulinic acid (3β, hydroxy-lup-20 (29)-en-28-oic acid; BetA) is a naturally occurring pentacyclic triterpenoid found in many kinds of fruits, vegetables and most abundant in the Sambucus williamsii Hance tree (39, 40) . Betulinic acid has anti-malarial, anti-HIV and anti-inflammatory activities (41) . BetA has also been found to have anticancer activities in various cancers through inducing apoptosis and inhibition of cell proliferation in several cancers, including pancreatic cancer, prostate cancer, leukemia and melanoma (42) (43) (44) (45) (46) (47) . BetA could regulate the expression or post-translational modification of lamin B1, Sp1, NF-κB and result in cell proliferation inhibition and apoptosis (46) (47) (48) . Furthermore, BetA exerts anticancer activity through selectively inhibiting the growth of cancer cells but without affecting the normal cells (41, 49) . Therefore, BetA is a promising anticancer candidate. However, whether BetA could be used increasing radiosensitization in OSCC was unknown.
In this study, we examined i) whether BetA could induce radiosensitization in OSCC, ii) whether Sp1 involved in radioresistance in OSCC and iii) whether BetA induced radiosensitization through Sp1 and the underlying mechanism.
Materials and methods
Cell culture and treatments. CAL-27 cells were incubated in Dulbecco's modified Eagle's medium (Gibco, Grand Island, NY, USA) with 10% fetal bovine serum (FBS) at 37˚C with 5% CO 2 . Tca-83 cells were incubated in RPMI-1640 medium (Gibco) with 10% FBS at 37˚C with 5% CO 2 . Cells were exposed to radiation (Cobalt-60) at different doses at the dose rate of 2.544 Gy/min and then cultured for 24 h. Cells were also exposed to BetA alone for 24 h. In another treatment, cells were exposed to a combination of radiation and BetA; first, cells were treated with BetA and then with radiation.
Plasmids, reagents and antibodies. Wild-type or mutant PTEN promoter-reporters were constructed in our previous study (26) . The pcDNA3.0-SUMO-1 plasmid (Plasmid #21154) was obtained from Addgene. BetA was purchased from Selleck Chemicals (Houston, TX, USA). Anti-PTEN (#9552) antibody, anti-cleaved caspase 3 antibody (#9661) were purchased from Cell Signaling Technology (Danvers, MA, USA). SUMO-1 siRNA (sc-29498), anti-β-actin (I-19) antibody (sc-1616) and anti-SUMO-1 antibody (sc-9060) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-Sp1 antibody (07-645) was purchased from Merck Millipore (Billerica, MA, USA).
Protein extraction and western blotting. Whole cell lysates were extracted with RIPA lysis buffer (Applygen Technologies, Inc., Beijing, China). Protein concentrations were measured with BCA protein assay (Thermo Fisher Scientific, Waltham, MA, USA). Equal amounts of samples were subjected to 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and transferred onto a nitrocellulose membrane (Millipore). The membrane was blocked with 5% fat-free milk in TBS-T (Tris buffer saline-Tween-20) for 1 h. After incubation with primary antibodies diluted, 1:1,000 in TBS-T containing 1% milk overnight at 4˚C, the membrane was extensively washed with TBS-T thrice and then incubated with a secondary antibody conjugated with fluorophore for 1 h at room temperature. After extensively washed thrice with TBS-T, the membrane was visualized with Odyssey infrared imaging system (Odyssey LI-COR). For internal controls of equal loading, the blots were also stripped and reprobed with β-actin antibody.
Luciferase assay. Luciferase assay was performed as previously described (26) . Briefly, PTEN reporter plasmid (1 µg) was transfected with Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA) into CAL-27 cells in a 12-well plate. The transfected cells were lysed in a cell lysis buffer 24 h after transfection. Luciferase activity was measured with an LB960 microplate luminometer (Berthold) using luciferin as the substrate, according to the manufacturer's instructions (Promega Corp., Madison, WI, USA).
Assessment of cell apoptosis. Cells were washed with phosphate-buffered saline (PBS) thrice, fixed with 10% formaldehyde for 5 min, and incubated with 5 mg/ml 4' ,6-diamidino-2-phenylindole dihydrochloride (DAPI) in the dark for 3 min at room temperature. After washed with PBS, the cells were examined under a fluorescence microscope (Nikon Corporation, Tokyo, Japan). The cells presenting features of nuclear condensation and fragmentation were identified as apoptotic cells and were counted within the six randomly selected fields. The rate of apoptotic cells was presented as mean ± SD of at least three independent experiments.
Immunoprecipitation. Whole-cell extracts (2.5 mg) were incubated in 500 µl extraction buffer with 4 µg anti-Sp1 antibody for 16 h at 4˚C, added with 40 µl protein A/G-agarose beads (Santa Cruz Biotechnology), incubated again for 1 h at 4˚C and then washed five times with extraction buffer. The bound proteins were released by boiling in a loading buffer and then subjected to immunoblot analysis. Sumoylated Sp1 was detected using anti-SUMO-1 antibody. The membranes were stripped for Sp1 detection.
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation (ChIP) assay was performed using a ChIP assay kit (Upstate). Briefly, CAL-27 cells were cross-linked with 1% formaldehyde. The chromatin was sonicated into fragments ranging between 200 and 1000 bp and then was pulled down by anti-Sp1 antibody for PCR amplification. The primers for amplifying the fragments (-1138 to -606) containing Sp1-binding site of the PTEN promoter are as follows: 5'-AGGCAGCTACA CTGGGCAT-3' (sense) and 5'-AGGAAGAGGCTGCACGG TTAGAAA-3' (antisense). The PCR products were analyzed on 1.5% agarose gel and then photographed Statistical analysis. Statistical analysis was performed using SPSS 11.5 for Windows. The data are presented as mean ± SD. Differences between multiple groups were analyzed by one-way analysis of variance. A value of P<0.05 was considered to indicate a statistically significant difference.
Results
BetA enhances radiation-induced inhibition of cell proliferation and apoptosis. To examine whether BetA could enhance radiosensitization of OSCC, OSCC cells were treated with radiation or BetA alone or a combination of radiation and BetA. First of all, we determined the dose of BetA. We performed an MTT assay and found that 10 µM of BetA could cause approximately 50% proliferation inhibition of CAL-27 cells and Tca83 cells (Fig. 1) ; furthermore, we found that this concentration of BetA only slightly promoted apoptosis of CAL-27 cells and Tca-83 cells, while combined with radiation, it significantly induced apoptosis of these two cells (Fig. 2C-E) . Actually, this concentration of BetA was used also by some other teams in the study of BetA inducing radiosensitization (50, 51) . Therefore, we chose the concentration of 10 µM.
Two OSCC cell lines, CAL-27 and Tca-83 cells, were exposed to radiation with 8 Gy at the dose rate of 2.544 Gy/min or 10 µM BetA alone or a combination of radiation and BetA for 24 h. As shown in Fig. 2A -E, treatment with radiation or BetA alone resulted in only a slight inhibition of cell proliferation and a slight increase in apoptosis, whereas treatment with radiation after BetA treatment significantly enhanced radiation-induced cell proliferation inhibition and apoptosis. Furthermore, we detected the level of cleaved caspase-3 and found that treatment with radiation or BetA alone resulted in only a slight increase of cleaved caspase-3, while treatment with radiation after BetA treatment significantly increased cleaved caspase 3 ( Fig. 2F and G) .
Sp1 may be responsible for radioresistance of OSCC.
Sp1 is reported to play a key role in radioresistance in several tumors. In order to reveal whether Sp1 is also involved in OSCC radioresistance, we detected the expression of Sp1 after radiation in CAL-27 cells and Tca-83 cells. As shown in Fig. 3A , Sp1 was dose-dependently upregulated by radiation in these cells, with a corresponding downregulation of its downstream target, PTEN. Furthermore, we knocked down Sp1 by transfecting Sp1 specific siRNA into these two cells (Fig. 3B) , and we found that knockdown of Sp1 significantly antagonized radiation-induced PTEN downregulation (Fig. 3C) , as well as facilitated radiationinduced inhibition of cell proliferation and apoptosis in CAL-27 and Tca-83 cells (Fig. 3D) . The above suggested that Sp1 might be responsible for radioresistance of OSCC.
BetA antagonizes radiation-induced Sp1 upregulation and rescued PTEN expression. As Sp1 may be responsible for radioresistance of OSCC, we next detected whether BetA promoted radiosensitization through Sp1. We treated CAL-27 and Tca-83 cells with BetA, as shown in Fig. 4A , BetA downregulated Sp1 and upregulated PTEN in these cells. Moreover, we demonstrated that BetA antagonizes radiation-induced Sp1 overexpression, with a corresponding upregulation of PTEN (Fig. 4B) .
BetA inhibits Sp1 expression through inducing Sp1
sumoylation. Sp1 protein stability may be regulated by several protein modifications. To explore the underlying mechanism of BetA regulating Sp1, we detected whether Sumoylation regulated Sp1 expression in CAL-27 cells. We overexpressed SUMO-1, an enzyme regulating sumoylation of several proteins. As shown in Fig. 5A , overexpression of SUMO-1 increased Sp1 sumoylation, as well as decreased Sp1 expression and increased PTEN expression (Fig. 5B) . Whereas, knockdown of SUMO-1 using its specific siRNA downregulated Sp1 sumoylation (Fig. 5C ) and correspondingly upregulated Sp1 and downregulated PTEN (Fig. 5D) . We further investigated whether knockdown of SUMO-1 antagonized BetA-induced Sp1 sumoylation. The immunoprecipitation assay showed that BetA-induced Sp1 sumoylation, indicating that BetA promoted the interaction between SUMO-1 and Sp1, whereas knockdown of SUMO-1 could antagonize BetA-induced Sp1 sumoylation (Fig. 5E) . Furthermore, western blot analysis showed that knockdown of SUMO-1 correspondingly antagonized BetA-induced Sp1 downregulation and the corresponding PTEN upregulation (Fig. 5F ). Noteworthy, western blot analysis showed that BetA did not regulate the expression of SUMO-1 (Fig. 5F) , thus, BetA only regulates the affinity of SUMO-1 to Sp1 but not the expression of SUMO-1. In addition, we knocked down SUMO-1 in CAL-27 cells, and detected whether knockdown of SUMO-1 impaired the BetA-induced radiosensitization. The results showed that BetA only slightly induced radiosensitization in the condition of SUMO-1 being knocked down, indicating that knockdown of SUMO-1 at least partially impaired the BetA-induced radiosensitization (Fig. 5G) .
Sumoylation inhibits Sp1 binding to PTEN promoter.
Since we demonstrated that BetA induced sumoylation of Sp1 and correspondingly induced Sp1 downregulation and PTEN overexpression, we investigated how sumoylation of Sp1 regulated PTEN. We transfected SUMO-1 into CAL-27 cells to induce Sp1 sumoylation and then performed ChIP assay. As shown in Fig. 6A , increase of Sp1 sumoylation inhibited Sp1 DNA-binding activity to PTEN promoter. Further, we also detected PTEN promoter activity. We found that overexpression of SUMO-1 decreased PTEN promoter activity, whereas, once we mutated Sp1 specific binding site in PTEN promoter, overexpression of SUMO-1 could not regulate the PTEN promoter (Fig. 6B) , indicating that sumoylation regulated Sp1 DNA binding activity.
Discussion
In the present study, we proved for the first time that BetA induced radiosensitization in OSCC through inducing Sp1 sumoylation. First, BetA increased radiosensitization in OSCC. Second, Sp1 was upregulated after radiation and responsible for radioresistance, however, BetA could antagonize radiationinduced Sp1 overexpression. Third, BetA inhibited Sp1 expression through inducing Sp1 sumoylation, correspondingly inducing PTEN expression.
Overexpression of Sp1 mediates radioresistance in OSCC. Radioresistance is a huge impediment to radiotherapy (52) . Cancer cells resistant to radiotherapy can result in therapy failure and the local recurrence (53, 54) . Several pathways and genes have been reported to be involved in radioresistance including nuclear factor-κB (NF-κB), signal transducer and activator of transcription 3 (STAT3), DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and ataxia telangiectasia-mutated gene (ATM) (14) (15) (16) (17) (18) . Our finding of Sp1 involved in regulating radiosensitization through regulating PTEN revealed a new mechanism of radioresistance in OSCC. PTEN inhibited AKT activation thus it is involved in three major radioresistance mechanisms: intrinsic radioresistance, tumor-cell proliferation, and hypoxia (55) . Actually, Sp1 could interact with some other traditional molecules which could influence the outcome of radiotherapy, for example, Sp1 could transcriptionally regulate DNA-PKcs expression through binding to a GC-rich region in the promoter (56) . The interactions of Sp1 with these molecules could be possible mechanisms for inducing radioresistance, however, our finding of Sp1 regulating PTEN at least partially involves in radioresistance. Our results suggested that Sp1 could be a promising target for increasing radiosensitization in OSCC radiotherapy.
BetA enhanced radiosensitization at least partially by regulating Sp1/PTEN. We observed that BetA could significantly enhance radiosensitization of the two types of cancer cells. We also observed that BetA significantly inhibited Sp1 expression as well as induced PTEN expression. Thereby BetA could rescue radiation-induced Sp1 overexpression and PTEN inhibition. Considering that PTEN plays a crucial role in radiosensitization (34, 57, 58) , our results suggested that inhibition of Sp1 expression and induction of PTEN expression by BetA contributed to the radiosensitization of OSCC. Actually BetA and its derivatives have already been demonstrated to regulate radiosensitization (50, 51, 59 ). Bache et al used BetA at a concentration of 10 µM and demonstrated that radiosensitization ability of BetA could be enhanced in hypoxic condition (51); our study agreed with theirs, while whether Sp1/PTEN pathway involves in hypoxic-induced radiosensitization ability enhancement of BetA is still unknown. Furthermore, there are also several mechanisms reveled underlying BetA-induced radiosensitization (50, 51, 59) . However, our funding could be another important mechanism underlying the BetA enhancement of radiosensitization besides the other previously reported mechanisms (50, 51, 59) , and further supported the assumption that BetA could be a clinically available and promising enhancer of tumor radiotherapy. According to our results, the enhancement of radiosensitization by BetA could be compromised in tumors with aberrant PTEN. Further studies are needed to evaluate how much the enhancement on radiosensitization by BetA would be compromised in PTEN-null cells. Nevertheless, our results have clinical relevance because the application of BetA as an enhancer for radiotherapy may be more suitable for tumors whose PTEN was not mutated or deleted.
BetA upregulated PTEN protein expression partially by inhibiting Sp1 expression, thereby activated PTEN transcription. Several transcription factor regulating PTEN have been identified, including NF-κB, Egr-1, p53 and Sp1 (26, 60, 61) . Sp1 downregulates PTEN expression through binding to a specific site (26) . Our study showed that BetA inhibited Sp1 sumoylation and correspondingly upregulated PTEN expression through inhibiting Sp1 expression and DNA-binding activity. Considering that we have previously demonstrated that only acetylated Sp1 could regulated PTEN expression (26) , so whether the two post-translational modifications, sumoylation and acetylation, could be inter-regulated by each other or have competition needs further study. There are already several reports on interaction of sumoylation and acetylation, as Kim et al reported that acetylation of FXR at site K217 inhibited the sumoylation of FXR at K227 (62). Therefore, it is possible that there is a mutual regulation of Sp1 sumoylation and acetylation. Furthermore, BetA was reported to affect Sp1 sumoylation through sentrin-specific protease 1. Our study demonstrated BetA regulating Sp1 sumoylation while revealing a new mechanism. Although, which mechanism is more important remains unknown, these two studies do suggest BetA could be a promising anticancer drug. Sumoylation of Sp1 has already been reported to be affected by BetA (63), our study agreed their conclusion and further illustrated that BetA regulated PTEN through Sp1 sumoylation and correspondingly induced radiosensitization. In addition, Sp1 was reported to have two sumoylation sites, K16 and K683 (28) , but in treatment with BetA, which one was sumoylated remains unknown, so further study to confirm which one was involved in BetA-induced Sp1 sumoylation is required.
There are several limitation as some questions are still unclear: 1) sumoylation regulates Sp1 binding to PTEN promoter, but the underlying mechanism needs to be revealed; 2) radiosensitization ability of BetA could be enhanced in hypoxic condition (51); however, whether Sp1/PTEN pathway is involved in this process is unknown. These are very interesting questions, and we will continue their clarification. Further animal study and preclinical studies are needed to support our conclusion.
In conclusion, we showed that BetA blocked radiationinduced Sp1 overexpression and PTEN downregulation through inducing Sp1 sumoylation and thereby contributed to radiosensitization of OSCC.
